INTRODUCTION
Automobile shredders consist of rows of rotating hammers which pass between a slotted anvil as shown in Fig. 1 . The automobile body which is fed into this system is reduced to scrap metal by the impact and shearing forces developed when the body interferes with the hammer motion. Thus, during the process large impact forces are developed by the machine. Also, because of uneven hammer wear, large steady-state unbalanced rotating forces are produced. These dynamic forces are transmitted through the foundation system into the underlying soil.
This paper describes briefly the design of three types of auto shredder foundations, (a) a rigid concrete mat, (b) a deeply embedded rigid concrete block, and (c) a pilesupported concrete mat. Each foundation system reduces the machine vibration to tolerable levels.
DYNAMIC FORCES
Uneven wear of the hammers produces an unbalanced force vector rotating about the shaft. The limits for this type of unbalanced force are established by the machine manufacturer and the control of the magnitude of this force depends upon the owner's maintenance procedure. Hammers must be replaced periodically becausse of wear, and the machine can be nearly balanced after each hammer replacement but will become more unbalanced with time of operation.
Each type of shredder has a different allowable unbalance, depending on the number and size of the hammers and the operating speed. For a machine carrying 34 hammers, two rows of 9 each weighing 2401b (1067 N) and two rows of 8 at 1441b (640N) each, and operating at 700rpm, the vertical and horizontal (i.e. centrifugal) force amounts to 564001b (2.51xl0SN). Another machine with 34 hammers each weighing 4501b (2002 N) and operating at 600 rpm has a limiting force of 112500 lb (5.0 x lO s N).
Impact forces are developed when each row of hammers hits the auto body, thus the frequency of impacts is four times the operating frequency. The limiting value of this impact force depends upon the impulse required to stop the hammer at the point of impact. This occurs occasionally when hard chunks of metal cannot be shredded by one impact. Figure 2 
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Then the impact force which can be developed just to overcome frictional resistance is: This discussion of the impact forces illustrates that the magnitude of the force transmitted to the anvil can be significant and must be considered.
Additional dynamic forces are transmitted to the founda. tion by vibrating conveyors. Typical values are 137501b (6.12 x 104N) for horizontal dynamic force and ll0001b (4.89 x 104 N) for vertical dynamic force, both at 720 rpm. However, differeent conveyors will have different force and frequency outputs.
Foundations for auto shredders: F. E. Richart, Jr and K D. Woods
MAT FOUNDATION FOR SHREDDER
The soil at the site was loose fine sand and silt and the water table was near the surface. Thus clean f'dl was required and both the natural soil and the f'ill were compacted with surface vibratory compaction equipment.
For this installation a rigid concrete foundation mat 3.5 ft (1.067m) thick was chosen. The mat provided the large surface contact area which was the important criterion for resisting the overturning moments. The mass of the mat was of secondary importance. General plan dimensions of the mat are shown in Fig. 3 
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Vertical motion
The procedures for evaluation of dynamic motions of the foundation are described in detail in Ref. 1, thus only the basic elements are treated here. The mat foundation was treated as an effective rigid circular foundation resting at the surface of an elastic half-space.
For respone to vertical vibrations, the mass ratio, B z, and damping ratio, D z, are: and the dynamic magnifications factor, Mz, amounted to 1.0. The low value of dynamic magnification factor follows from the high value of damping ratio in vertical motion and indicates that the dynamic motion is essentially the same as the static displacement. For the unbalanced force at 720 rpm, the dynamic motion amounted to Az = zsMz = 0.0024in. (6.1 x 10 -s m). If all the vertical components of the conveyor forces were in phase they would produce a sinusoidal motion of 0.0009 in. (2.3 x 10 -6 m). This sinusoidal motion would be superposed on that developed by the shredder to give the total motion. However, it is possible to arrange the phases of the conveyor motions to minimize the resultant force output.
Rigid-body rocking of the foundation
Because of the high water table at the site, it was necessary to mount the shredder on a pedestal to provide space for conveyors beneath. The centerline of the shredder was located ll.33ft (3.45m) above the top of the concrete mat. Thus large overturning moments were introduced by the unbalanced forces and the mat dimensions were selected to provide resistance to these forces.
The mass-ratio B~ for rigid body rocking, and associated damping ratio, D~, are: One economically feasible solution for this foundation was to use a mass concrete block foundation as shown in Fig. 4 . The response of this embedded block to the imposed dynamic loads was studied using Novak's analysis for embedded foundation)
This shredder had two rows of 8 and two rows of 9 hammers, each weighing 4501b (2002 N). The unbalanced radial force had an amplitude of 1125001b (5.0 x l0S N) at 600 rpm. Impact forces developed as each hammer was temporarily stopped were as noted in the previous section on dynamic forces. 
Rocking and horizontal vibrations
The horizontal force Qx was applied above the center of gravity of the foundation and above the center of soil resistance. Consequently, coupled rocking and horizontal motions were developed. The motion depends upon the resonant frequencies and damping of the soil-foundation system and the frequency of the exciting force and moment. The calculations follow the procedure clearly described in Ref. 2 and are not included here. The resulting vibrations can be described by a horizontal translation of the center of gravity of amplitude, u s, and a rotation about the center of gravity, ~t" At the frequency of 600 rpm: ug = 0.003 in. (7.6 x 10 -s m) and ~kg = 5.6 x 10 ~s tad Thus this particular block foundation was considered to perform satisfactorily. 
PILE-SUPPORTED FOUNDATION FOR SHREDDER
For this installation the soil at the site consisted of an upper crust of competent material then a zone of soft cohesive soil overlying a bed of firm sand. Thus piles were required to bypass the soft zone and to transmit the static and dynamic loads to the sand. The shredder used at this site had the same dynamic force outputs as those described for the mat foundation. This shredder was mounted on a pile cap and pedestal system as shown in Fig. 5 , with the centerline of the shredder at a distance of 13.81 ft (4.21 In) above the top of the pile cap. Thus, operation of the shredder developed steady state forces at 720 rpm which caused vertical, herRzontal, and rocking motions of the foundation, and developed impact forces at a frequency of four times the operating speed.
Figure 5(a) shows the final pile pattern selected following several cycles of analysis and modification of the geometry. The key resisting members of this system were the 52 concrete-filled 12in. (0.30m) OD pipe piles, and secondary restraint was provided by clean, cohesionless soil compacted to a dense condition against the vertical faces of the pile cap. Pile loading tests were run in the field on a pile which had been driven to capacity then redriven to minimize the effects of subsequent dynamic loads. these cyclic loading tests, the vertical static stiffness of a single pile 50ft (15.24m) long was found to be kp= 2.5 x 106 lb/in. (4.38 x 10 s N/m). This value was used for each pile when calculating the combined effects of all piles for the vertical and rocking modes of vibration.
Vertical vibrations
The dead weight of the components of the foundation system was 1.0xl061b (4.5xlO6N) for the pile cap, 3.5 x 106 lb (15.57 x 106 N) for the pedestals, and 2.25 x 10 s lb (10.0xl0SN) for the shredder and motor. The total mass to participate in translational vibrations was m = 4080 lb s2/in (7.14 x l0 s N s2/m). Then, using the vertical stiffness of the 52 piles, and the steady-state unbalanced force, the static vertical deflection was: The soil adjacent to the vertical face of the foundation was not considered to add to the stiffness or damping of the system because of the underlying soft soil.
Rocking vibration
Because of the horizontal unbalanced force applied at a distance of 17.3 ft (5.27 m) above the base of the pile cap, the overturning moment was T~0 = 9.76x10 s ftlb (1.32x
raN).
The mass moment of inertia of the foundation system in rocking about the centerline of the base was I~, = 8.5 x 106 fi lb s 2 (11.52 mN s 2) and the resisting spring constant provided by vertical deformation of the 52 piles as the foundation rotated was kx0 p = 2.88 x 1012 inlb/rad (3.25 x 1011 mN/rad). Thus, the static rotation was ~bs= T~/k~p= 4.0xl0-6rad. This rotation contributes a horizontal motion of x s = 0.001 in. (2.54 x 10 -s m) at the centerline of the shredder. The natural frequency in rocking about this base centerline was fn = 26.7 Hz. Then the dynamic magnification factor was 1.25, even for the undamped case, and the horizontal dynamic motion at the shredder centerline would be A x = 0.00125 in. (3.2 x 10 -s m).
MEASUREMENTS ON PILE-SUPPORTED SHREDDER
Opportunities for comparing performance of constructed facilities with predicted performance are rare. However, the real test of any analytical technique lies in how well measurements match prediction. The pile-supported shredder described above was the subject of such a comparison. Vibration measurements were made while the shredder was idling and while it shredded cars.
Instrumentation
Velocity transducers and a strip chart recorder were used to make the vibration measurements. The velocity transducers were Electro-Tech, 4.5 Hz units, two of which detected vertical motions and one detected horizontal motions. The strip chart recorder was a Hewlett.Packard Model 320, dual channel, hot.pen writing, amplifier recorder.
Measu rem en ts
The locations at which measurements were made are shown in Figs. 5(a) and (b) . By recording two transducers simultaneously, it was possible to compare phases and determine the mode of motion as well as amplitude. Figure 6(a) shows the vertical motion at opposite ends of the pile cap while no cars were being shredded (idling condition) and shows that these two points were 180 ° outof-phase. The lower trace in Fig. 6 (a) at location 2 shows a different signature because that location was near a support for a vibrating conveyor which was operating at all times.
Figure 6(b) shows vertical (upper) and horizontal (lower) motion at location 3 near the axis of the shredder when cars were being shredded. This record shows that the two directions of motion occurred at different frequencies. The horizontal motion was at the rotational speed of the machine (12 Hz) while the vertical motion was at four times that speed.
Discussion
From these vibration measurements, it was concluded that when the shredder was running at idle, the predominant motion was rocking at a frequency of about 12 Hz. The maximum vertical displacement was about 0.00165 in. (4.2xl0-Sm) peak and the maximum horizontal rocking displacement was 0.0019in. (4.8 x 10 -s m) peak. The axis for rocking was estimated to be about 15 ft (4.57 m) below the pile cap. When cars were being shredded, the mode of motion at maximum amplitude was vertical translation. This vibration occurred at about 48 Hz or four times the primary frequency of the shredder. This frequency represents the rate at which hammers shear through metal at the anvil. The maximum vertical displacement in this mode was 0.0026 in. (6.6 x 10 -s m) peak.
CONCLUSION
Analytical results for a mat, block, and pile-supported foundation system have been described by examples. The most important factor is identifying the maximum loads and associated frequencies which act as excitation. Then translational, and coupled rocking and horizontal modes of vibration must be studied. The analytical procedure to be used depends on the geometry of the system, and elastic solutions are acceptable because of the small strains developed in the soil. A critical parameter in the analysis is the shear modulus of the soil, which should be established by in situ measurements if poss~le.
Measurements were made on the pile-supported foundation during idling and during shredding. During idling the unbalanced force at about 12 I-lz produced vertical, and rocking and horizontal motions. At location 2 at the edge of the pile cap, the maximum vertical displacement was 0.0017in. (4.3xlo-Sm) during idling, and for the same condition, the maximum horizontal displacement at location 3 was 0.0019 in. (4.83 x 10 -sm). The predicted vertical motion was 0.0022 in. (5.58 x 10 -s m) from the combined effects of vertical and rocking motions developed by the steady-state unbalanced force (idling).
The most significant f'mding from the field measurements was the vertical motion of 0.0026 in. (6.6 x l0 -s m)
at a frequency of about 48 Hz, or four times the operating speed. Based on data supplied by the shredder manufacturer, the expected mode should have been rocking at about 12Hz. Because the vertical motion caused by the impact loads was about 2.6 times greater than that estimated in the example, methods of measuring or estimating the impact forces need to be improved.
